Purpose: Lumbar spinal stenosis syndrome (LSSS) is induced by factors such as ligamentum flavum hypertrophy, facet joint hypertrophy and disc degeneration. However, the role of lumbar pedicle (LP) in LSSS has yet to be evaluated. We devised a new morphological parameter called the lumbar pedicle thickness (LPT) to evaluate the connection between LSSS and the LP. We hypothesized that the LPT is a major morphological parameter in the diagnosis of LSSS.
Introduction
Lumbar spinal stenosis syndrome (LSSS) is a common cause of structural abnormalities associated with the spinal cord, including narrowing of the spinal canal. 1 Patients usually present with leg pain, with intermittent claudication or low back pain manifesting as a primary clinical feature. LSSS seriously affects patients' quality of life, increasing not only the economic burden on the society but also the morbidity and suffering of patients interfering with their ability to work. 2, 3 The structural abnormalities associated with LSSS are caused by facet joint hypertrophy, hypertrophy of the ligamentum flavum (LF), mechanical compression of the lumbar spinal nerve roots and disc degeneration combined with osteophytes. [4] [5] [6] Studies involving morphologic analysis showed that the cross-sectional area of the dural sac and spinal canal, facet joint hypertrophy and LF thickness are associated with LSSS, aging and disc degeneration. 7, 8 However, few studies have investigated the role of lumbar pedicle (LP) in LSSS. The coronal view of LP reveals an oval shape, especially at the L4 or L5 vertebra with the main axis
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An et al inclined horizontally. 9 The morphological features suggest that the transverse pedicle width is not constant. Thus, the thickness of the LP is an important morphologic parameter in the identification of irregular hypertrophy. Therefore, in order to evaluate the connection between LSSS and thickness of the LP, we devised a new morphological determinant called the lumbar pedicle thickness (LPT). We hypothesized that the LPT is an important morphologic determinant in the diagnosis of LSSS. We used magnetic resonance imaging (MRI) to compare the LPT between LSSS patients and normal controls.
Patients and methods Patients
The institutional review board (IRB) of Catholic Kwandong University College of Medicine, Incheon, Republic of Korea, reviewed and approved this project (IRB protocol number: IS17RISI0078). All patients provided written informed consent to review their medical records. Patients who had visited our Spine Center between April 2015 and September 2017 and were diagnosed with LSSS were retrospectively reviewed. Patients older than 50 years were included if they had clinical manifestations pathognomonic of LSSS such as low back pain and/or neurogenic intermittent claudication, with the maximum stenosis associated with L5, and MRI findings within 12 months of the diagnosis available for review. Patients were excluded if they had a history of lumbar surgery or spinal injury, congenital spine defect, and history of spinal interventions such as kyphoplasty or anatomic anomalies.
A total of 136 patients were enrolled after the LSSS diagnosis was confirmed by an experienced, board-certified neuroradiologist. The LSSS group included 52 (37.5%) men and 84 (62.5%) women with a mean age of 64.70±7.18 years (range, 52-81 years; Table 1 ). We compared the LPT in patients with and without LSSS by including a group of control patients who had undergone lumbar MRI as part of a detailed medical examination. Patients in the control group had no LSSS-related symptoms. The control group consisted of 99 patients (46 men and 53 women) with a mean age of 66.85±8.33 years (range, 50-83 years; Table 1 ). The LPT in the control group was similarly examined at the L5 vertebra.
Imaging parameters
MRI examinations were performed using 3T Avanto (Siemens Healthcare, Erlangen, Germany) with 3T scanners (Achieva; Philips Healthcare, Best, the Netherlands). The lumbar MRI examinations were conducted using axial T2-weighted images obtained with a slice thickness of <3 mm, 0.9 mm intersection gap, 6507 ms/120 ms repetition time/echo time, 150×150 field of view and 256×241 matrix. All the MRI data were transferred from the MRI unit to an INFINITT system (INFINITT Healthcare Co., Seoul, Korea).
Image analysis
The axial T2-weighted MRI was acquired at the L5 vertebra for individual patient data. A picture archiving and communication system was used to measure the LPT as a linear line at the L5 pedicle level, representing the maximum thickness level of the pedicle on MRI (Figure 1 ).
Statistical analysis
The data were expressed as mean±standard deviation (SD). Unpaired t-tests were used to compare the LPT between the control and the LSSS groups. P-values <0.05 were considered as statistically significant. The relationship between the LPT and age-related changes was analyzed using a one-way ANOVA. The validity of the LPT for diagnosis was estimated using receiver operating characteristic (ROC) curves, optimal cutoff values, area under the curve (AUC), sensitivity and specificity with 95% confidence intervals (CIs). SPSS version 22 for Windows (IBM Corporation, Armonk, NY, USA) was used for the statistical analysis
Results
Age and sex were not significantly different between the groups ( Table 1 ). The mean LPT of the control group was 10.19±1.65 mm in people aged 50-59 years, 8.34±1.52 mm in people aged 60-69 years and 8.35±1.43 mm in the people aged 70-79 years (Table 2 ). In the control group, we found no statistically significant relationships between LPT and age-related changes in the one-way ANOVA (F=15.920; df=2; P=0.999). The mean LPT of the LSSS group was 12.84±1.78 mm in patients aged 50-59 years, 13.49±2.20 mm in patients aged 60-69 years and 13.14±1.53 mm in patients aged 70-79 years (Table 3 ). In the LSSS group, we found no statistically significant relationships between the LPT 
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Optimal cutoff point of lumbar pedicle thickness and age-related changes (F=1.213; df =2; P=0.300). The average LPT was 9.46±1.81 mm in the control group and 13.26±1.98 mm in the LSSS group. LSSS patients showed significantly greater LPT (P<0.001) than the control subjects (Table 1) . Regarding the validity of LPT as a prognostic indicator of LSSS, the ROC curve analysis showed an optimal cutoff point at 11.33 mm, with 83.8% sensitivity, 83.8% specificity ( Table 4) and AUC of 0.92 (95% CI, 0.89-0.96; Figure 2 ).
Discussion
LSSS is a common spinal disorder diagnosed in the elderly population, causing low back or buttock pain and intermittent neurogenic claudication. 10, 11 LSSS results from multiple pathogenic risk factors, including a decrease in the area of the cauda equina, hypertrophy of LF, loss of intervertebral disk height and hypertrophy of the facet joints. 12 Several studies investigated the association between LF, dural sac area and spinal canal area on MRI and the signs and symptoms of LSSS. Park et al 13 reported that the LF is significantly thinner in patients with intervertebral disc herniation than in those with LSSS. Altinkaya et al 14 demonstrated that the LF thickening was correlated with age, body mass index and disc degeneration. Ogikubo et al 15 found a significant relationship between shorter walking distances and a smaller dural sac area. Kim et al 7 reported that a larger dural sac area was associated with a longer subjective walking distance before the onset of claudication. However, few studies investigated the role of LP in LSSS. Despite morphological analysis of LP performed using computed tomography of lumbar vertebrae, 9, 16, 17 radiological measurements of plain vertebrae 18 and cadaveric studies, 19, 20 no previous studies correlated LSSS and LP as a morphologic parameter on MRI. To the best of our knowledge, this study is the first of its kind to propose an optimal cutoff value of LPT to predict LSSS. The coronal view of LP revealed an oval shape, especially at the L5 vertebra, with the main axis inclined horizontally. The morphological features suggest that the transverse pedicle width is not constant. 9 Sethi et al 21 reported individual anatomical variations in the pedicle axis, width and body habitus. Mughir et al 22 emphasized the critical role of pedicle morphology in spinal analysis.
However, the association between LSSS and LP as a morphological parameter in MRI has not been reported previously. Furthermore, no objective morphological indicators of LP were available. We assumed that the thickness of LP represented an objective, precise and clear measure of LSSS. In our study, for the first time, the LPT was measured using T2-weighted MRI.
The results demonstrate a correlation between the LPT and LSSS. Patients with LSSS had significantly higher LPT values compared with the control subjects.
The positive correlation between LPT and LSSS is explained by the increase in LPT associated with an increased incidence of LSSS. In our study, the best cutoff point for LPT was 11.33 mm, with 83.8% sensitivity, 83.8% specificity and AUC of 0.92 (95% CI, 0.89-0.96). We suggested that LPT is the precise, objective, clear morphological parameter to predict LSSS. Our interpretation of these associations suggested that a thickened LP may be related to continuous stress, which might increase the LSSS. This etiology may alter the morphologic features of the LP. In this study, we strictly controlled age range to reduce age bias.
This study only included individuals aged above 50 years because Mughir et al 22 reported that pedicle morphology in young and adult population varied in all the parameters. We measured the LPT at the L5 level to obtain the most accurate measurements of thickness. A previous study reported that lengthening of L5 pedicles produced larger increases in spinal canal volume compared with lengthening of L4 pedicles. 23 This current study has several limitations. First, several methods used to evaluate LSSS, such as spinal canal area, dural sac area, sedimentation signs, morphologic grading and ligament flavum thickness were found effective at discriminating LSSS. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] However, we only assessed the measurement of LPT, suggesting that our results may have limitations regarding measurement of other morphological changes or epidural pressure. Second, the enrolled patients included a small number of LSSS patients. The baseline characteristics of the patient population such as body mass index, weight and height varied widely. Third, minor errors were associated with the measurement of LPT on MRI. Even though we tried to measure these morphological parameters in the axial images that best showed LP at the most stenotic level of the L5 body, the axial images may be nonhomogeneous because of differences in the cutting angle or the level in MRI resulting from anatomic variations and technical factors. In addition, a 3.0 mm slice of axial T2-weighted magnetic resonance (MR) image was thicker than the ideal slice. Fourth, the principal 
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Optimal cutoff point of lumbar pedicle thickness methodological limitation was the retrospective study design. The fifth limitation is that the measurement of LPT was only limited to L5 level in this study, leaving out the other part of the lumbar spine such as L3 and L4 levels, which is one of the major parts of the lumbar spinal stenosis. Furthermore, more studies are needed on pedicle height, which is directly related to foraminal stenosis. Finally, there is a limitation on the patient group. Patients with congenitally thick pedicle were not completely excluded from the study. There is also a lack of research on the thickness of the pedicle of younger patients without symptoms. Along with these studies, changes in the thickness of the pedicle due to aging should be further studied in the future. Despite these limitations, this is the first study to document that the LPT was associated with LSSS, highlighting an important etiological parameter underlying LSSS, for appropriate clinical management.
Conclusion
Our results demonstrate that LPT is a sensitive measure for the assessment of LSSS. With regard to LSSS, the optimal cut-off value was 11.33 mm, with 83.8% sensitivity, 83.8% specificity and AUC of 0.92. The findings should assist clinical evaluation of patients with LSSS.
